DNA binding proteins find their cognate sequences within genomic DNA through recognition of specific chemical and structural features. Here we demonstrate that high-resolution DNase I cleavage profiles can provide detailed information about the shape and chemical modification status of genomic DNA. Analyzing millions of DNA backbone hydrolysis events on naked genomic DNA, we show that the intrinsic rate of cleavage by DNase I closely tracks the width of the minor groove. Integration of these DNase I cleavage data with bisulfite sequencing data for the same cell type's genome reveals that cleavage directly adjacent to cytosine-phosphate-guanine (CpG) dinucleotides is enhanced at least eightfold by cytosine methylation. This phenomenon we show to be attributable to methylationinduced narrowing of the minor groove. Furthermore, we demonstrate that it enables simultaneous mapping of DNase I hypersensitivity and regional DNA methylation levels using dense in vivo cleavage data. Taken together, our results suggest a general mechanism by which CpG methylation can modulate protein-DNA interaction strength via the remodeling of DNA shape. 
D
Nase I is an endonuclease that cleaves the backbone of double-stranded DNA. It approximates the size and nuclear diffusion properties of a typical human transcription factor (TF) (1) . The enzyme interacts with DNA via the minor groove (2) , where it recognizes approximately six consecutive base pairs (3) . In addition to its nearly ubiquitous use in the removal of DNA from cellular extracts, DNase I has been widely used as a structural probe of in vitro and in vivo DNA and chromatin structure (4, 5) , and to map regulatory DNA in the human and other genomes (6) (7) (8) (9) . The interaction of DNase I with specific DNA sequences can be abrogated through steric hindrance by DNA binding proteins, leading to its widespread use as a reagent for studying TF binding (10, 11) .
One of the best studied DNA modifications is the methylation of cytosines at position 5 of the pyrimidine ring. This covalent modification, in the context of a CpG dinucleotide, can be found in eukaryotes from plants to humans and is observed on over 70% of CpGs in vertebrate DNA (12, 13) . The patterns of methylation can be dynamic (14) , can vary between cell lines and in the course of developmental processes, and therefore provide a mechanism for the generation of epigenetic variation at the level of the primary DNA sequence (12) . The biological contribution of DNA methylation is both significant and complex. First and foremost, CpG methylation has been linked to transcriptional silencing at promoters of genes on the inactive X chromosome, on imprinted loci and genes rendered inactive in cancers (13) . Moreover, gene silencing may be mediated by the recruitment of repressor proteins by methyl CpG binding proteins to promoters (15) , or by interference with TF action. Notably, however, some CpG-containing promoters can be both methylated and transcriptionally active (16, 17) .
How DNA methylation affects the binding of transcriptional regulators is currently unknown. It has long been speculated that steric occlusion by a bulky methyl group of the cognate recognition sequence of a TF could affect its binding affinity (18) . However, this putative mechanism leaves various observations unaccounted for. For instance, some TFs interact with the major groove, yet are not affected by DNA methylation despite the extra methyl group protruding in the major groove. Other TFs interact with the minor groove, yet are affected by DNA methylation. Increased TF occupancy upon DNA methylation within their recognition sites has also been observed (19) .
An explanation for these phenomena might be found in the 3D structure of DNA (20) . We recently showed that DNA shape plays an important role in protein-DNA recognition (21) (22) (23) (24) . TFs can form direct and specific contacts with functional groups of the bases in the major groove. This base readout mechanism, however, does not suffice for the minor groove, where instead subtle sequencedependent variation in DNA shape is read out by charged amino acid side chains via local variation in electrostatic potential (22, 25) . Here, we expand this line of thought by analyzing the impact of adding a bulky methyl group in the major groove on the geometry of the minor groove. DNase I is an ideal molecule for asking this question, as it exclusively interacts with DNA via the minor groove.
Under standard conditions, successful molecular recognition of double-stranded DNA by DNase I leaves a permanent record in the form of hydrolysis of the O3′-P bond between the phosphorus and the oxygen attached to the 3′ carbon of the deoxyribose sugar within one of the strands of the recognition sequence (26) . We reasoned that massively parallel sequencing could be applied to characterize millions of such events in a single experiment, enabling precise reconstruction of the sequence features that influence this interaction with the genome in vivo. Indeed, as described below, we find that the intrinsic DNase I cleavage rate varies over three orders of magnitude with immediate hexamer context.
Existing cocrystal structures of the DNase I-DNA complex reveal that DNase I docks in the minor groove of DNA (2) . It has previously been suggested that sequence dependencies in DNase I cleavage rate might reflect differences in DNA shape, and specifically the configuration of the minor groove (27) . Two separate studies have previously used autoradiogram data from DNase I digestions of a small number of end-labeled DNA fragments to quantify the sequence preferences of DNase I (28, 29) . Their respective models, however, showed little correlation (29) , and consequently the details of the intrinsic specificity of DNase I remained elusive when we began our study.
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Since cytosine methylation covalently alters DNA, it may also influence DNase I cleavage rate. Here we show that integrating DNase I cleavage data with bisulfite sequencing data for genomic DNA purified from the same cell type reveals marked (>eight-fold) enhancement of DNA backbone cleavage directly adjacent to CpG dinucleotides. Many TFs derive part of their DNA binding specificity from interactions with the minor groove. NMR studies have previously shown that a CpG dinucleotide flanked by A-tracts undergoes a severe narrowing at its center (30) . By examining the effect of CpG methylation on DNA geometry for hundreds of sequence contexts, our results provide a specific structural mechanism that may explain how DNA methylation affects regulatory factor binding and gene expression.
Results and Discussion
Data Generation. To quantify the sequence sensitivity spectrum of DNase I cleavage, we digested purified, deproteinated DNA from human fibroblast (IMR90) cells to an average size of ∼300 bp using DNase I (SI Methods). DNA fragment ends were resolved to the nearest 3′-strand cleavage through end repair (SI Methods) and sequencing adapter ligation. We then obtained 15 million single-end 36 bp Illumina sequence reads and mapped these to the human genome sequence, discarding any reads that did not map to unique genomic positions. This provided us with a large sample of individual, nucleotide-resolution cleavage events across the genome (SRA accession SRX247626).
Modeling Intrinsic DNase I Specificity Reveals Strong Sequence Preferences. We next developed a model that quantifies the relative rate of cleavage by DNase I in terms of local DNA sequence context. We first asked over what spatial range of nucleotide positions this rate depends on base pair identity. As only relative rates are meaningful, we normalized by the most cleavable base at each nucleotide position (Table S1 ). Far enough from the cleaved bond, these relative rates are expected to become equal to unity. Indeed, a plot of information content versus nucleotide position (Fig. S1) shows that the dependence on base identity is largely limited to a window from 3 nt upstream (position −3) to 3 nt downstream (position +3) of the cleaved bond (Fig. 1A) . This finding is consistent with crystallographic data on the protein-DNA interface of the DNase I-DNA complex (26) . To the extent that the sequence sensitivity of DNase I cleavage is dominated by variation in its equilibrium DNA binding affinity (26) , these relative cleavage rates are given by exp(−ΔΔG/RT), where ΔΔG represents the difference in binding free energy with the optimal DNA sequence context (see SI Methods for details).
The richness and depth of our dataset enabled us to estimate the relative cleavage rate for each of the 4,096 possible hexamer contexts. To this end, we divided the number of observed mappable cleavage events by the number of mappable genomic positions for each hexamer, and normalized by the highest such ratio ( Table 1 , Dataset S1). Unexpectedly, we found this rate to vary with local hexamer context over almost three orders of magnitude (Fig. S2A ). We also found the cleavage to exhibit strong strand specificity (Fig. S2B) . To assess reproducibility, we randomly partitioned the mappable genomic positions into training and test sets of equal size. The rates inferred from each set ( contexts defined by Herrera and Chaires (28) . Reassuringly, we find rather good agreement between our hexamer-level cleavage rate table and the model of Herrera and Chaires (R 2 = 0.54). Interestingly, Brukner et al. (29) reported that their model showed little correlation with that of Herrera and Chaires (28) . Our own analysis confirms this (R 2 = 0.01). We also observe low correlation between Brukner's trimer-based predictions and our model (R 2 = 0.01). A plausible explanation is that the model of Brukner et al. (29) alone assumes reverse-complement symmetry, whereas we find our tables to be strongly strand-specific (R 2 = 0.33 when comparing forward hexamers with their reverse complement).
Dissecting Dependencies Between Nucleotide Positions. Analysis of position-specific cleavage rates for each recognized hexamer revealed significant dependencies between nucleotide positions (Fig. S3B) . In some cases, single-nucleotide variations in the hexamer sequence behaved independently. For example, in Fig.  1B , a single parameter (the slope of the dashed line) suffices to summarize all 4 5 different point mutations of type NNTjNNN → NNGjNNN (with the mutated base in bold and the site of cleavage indicated). However, most sensitivity to sequence variation was highly interdependent. Fig. 1C shows that for the substitution A +2 →C +2 a single slope (dashed line) does not suffice to summarize its effect on cleavage rate. Rather, there are two distinct diagonals, with different slopes. The points on the lower diagonal can be perfectly demarcated by the occurrence of a T at the modulating position +1 (Fig. 1C) . As expected, the strength of the dependency between the mutated and modulating position-quantified here as the difference, "ΔΔΔG," between the conditional and unconditional ΔΔG values-tends to be largest when these positions are adjacent (Fig. 1D, Fig. S4 A and B) . Still, dependencies of high statistical significance can be detected throughout the binding site (Fig. S5) , underscoring the power of the massive sequence sampling approach.
Minor Groove Width Profile Is Predictive of DNase I Cleavage Rate.
The positional dependencies identified above hinted at the importance of 3D DNA structure. Indeed DNase I is known to interact with the minor groove of DNA (2, 26) . We therefore asked whether a quantitative relationship exists between minor groove width (MGW) and cleavage rate. To this end, we used a high-throughput (HT) approach that can predict MGW at the center of any pentanucleotide to predict MGW across all six nucleotide positions for each of the 4 6 possible hexamers. This model was derived from a database of Monte Carlo (MC) simulations for a large number of free DNA sequences (see SI Methods for details). Since the hexamers occur as part of longer double-stranded DNA sequences, we accounted for the influence of flanking sequence by averaging over all possible ways of adding a dinucleotide flank on each side. We used a base-paircentric coordinate system in which the MGW at position +1 is measured between the phosphate group connecting the +2 and +3 nucleosides on the forward strand and that connecting the −2 and −1 position on the reverse strand, etc.
To assess to what extent the variation in DNA shape might explain the observed variation in DNase I cleavage rate, we first plotted the negative of the logarithm of the relative DNase I cleavage rate as a function of MGW at each base pair position. We interpret this negative logarithm as a binding free energy difference ΔΔG between a given sequence and the optimal sequence for DNase I cleavage. This analysis revealed a clear partitioning of the hexamer into three parts ( Fig. 2A) (Fig. 2B) . In that structure, an arginine, Arg41, from DNase I can be seen to interact with the minor groove near the −3 position, while a second arginine, Arg9, contacts the minor groove between the −2 and −1 positions (Fig.  2C) . The narrower the minor groove is in the 5′ region of the hexamer at the −3 and −2 positions, the higher the cleavage rate is.
The relationship between MGW and DNase I cleavage rate indicates a recognition mechanism similar to the recently described binding of arginine residues to narrow regions of the minor groove (23) . Such minor groove shape readout is based on the enhancement of negative electrostatic potential in narrow groove regions, which in turn allows for a stronger interaction with positively charged arginine residues (22) . The increase in DNase I cleavage rate with narrowing of the minor groove is likely to be based on the attraction of the two arginine side chains through such locally enhanced negative electrostatic potential. The opposite sign of the correlation between MGW and cleavage rate at the −1 and +1 positions ( Fig. 2A) also makes structural sense. Earlier reports have shown that the phosphodiester backbone at purine-pyrimidine (RpY) dinucleotides, which intrinsically widen the minor groove, are cleaved by DNase I at higher rates (32, 33) . Having a widened minor groove where the backbone is cleaved would thus seem to be beneficial (34) .
CpG Methylation Greatly Enhances Adjacent DNase I Cleavage. The results above indicate that molecular recognition of DNA by DNase I is subject to significant dependencies between nucleotides, consistent with readout of specific features of DNA shape (29) . Since DNA methylation has the potential to alter the structural properties of DNA (35), we sought to analyze the influence of methylation on protein-DNA binding. To this end, we used wholegenome shotgun bisulfite sequencing data obtained from IMR90 cells (36) to define two subsets of phosphate positions, with hexamer contexts containing only hypermethylated or only hypomethylated CpG dinucleotides (SI Methods). Direct comparison of cleavage rates between both sets revealed a striking dependency on methylation status for a subset of the hexamers (Fig. 3A) . A systematic search for DNA sequence features that could explain this dependency (Fig. S6) revealed that it is almost completely explained by the occurrence of a CpG dinucleotide immediately downstream of the cleaved bond (Fig. 3A) . Upon methylation of the two cytosines within the C +1 G +2 base pair step, the rate of cleavage by DNase I is enhanced ∼eightfold (red points in Fig. 3A) , and for the most cleavable CpG-containing hexamer (ACTjCGA) increases from ∼7% to ∼68% of the maximum. Our findings are consistent with, but greatly extend, an earlier observation that methylation of the central cytosine in the sequence GCGC renders the 5′ phosphate more susceptible to cleavage by DNase I (37, 38) .
CpG Methylation Narrows the Minor Groove at Adjacent Positions. So far, we have described two independent observations regarding For each subclass of phosphates, as defined by the sequence of a hexamer window centered at each phosphate, the total number of cleavage events and the total number of mappable genomic positions were determined. Ratios of these counts were then taken and scaled to a maximum of unity for the most cleavable hexamer.
DNase I as it acts on naked DNA. First, its cleavage rate depends on the primary sequence context via the width of the minor groove ( Fig. 2A) . Second, this rate increases by a multiplicative factor when the cytosines in the CpG base pair step immediately 3′ of the cleaved phosphate are methylated (Fig. 3A) . We wondered if a direct relationship exists between methylation and MGW, as that would have the potential to unify both observed phenomena (Fig. 3B) . Specifically, we asked whether methylation intrinsically leads to a narrowing of the minor groove, which in turn would explain the observed increase in cleavage rate upon methylation. To test this hypothesis, we extended the MC algorithm (see SI Methods for details) so that it could also predict the shape of free DNA molecules containing 5-methylcytosine bases. We first applied it to the most cleavable hexamer, ACTCGA. Strikingly, we observed that CpG methylation leads to an increased roll angle at the CpG step and a narrowing of the minor groove (Fig. 3C) . Roll is the angle between two adjacent base pair planes describing the opening of a dinucleotide to either the minor or major groove. The narrowing of the minor groove is most pronounced (∼0.5 Å) at position −2, which is exactly where according to Fig. 2A we expect it to have the biggest positive impact on cleavage rate (Figs. S7-S9 ).
Modulation of DNA Shape Explains the Methylation Sensitivity of DNase I. Encouraged by the above result, we reasoned that if DNase I cleavage rate indeed only depends on primary sequence and methylation status to the extent that the latter modulates DNA shape, we should be able to test this explicitly. To this end, we performed multiple linear regression of ΔΔG on a set of structural parameters that together quantify the local shape of the double-stranded DNA around the site of imminent cleavage. As predictor variables we used both the MGW at each base pair position within the hexamer and the roll angle associated with each base pair step, derived from MC simulations of 256 sequences in their unmethylated and methylated forms. This combined model explains a third (adjusted R 2 = 0.34) of the variance in ΔΔG across all 256 unmethylated sequences of type NNNCGN. The most statistically significant regression coefficients are those for the roll between positions +1 and +2 and that for the MGW at position −2. This again is consistent with what is known about the structure of the DNase I-DNA complex. The predictive power of the model is diminished when only MGW or only roll parameters are used (adjusted R 2 = 0.08 and 0.22, respectively).
Having thus constructed a model capable of predicting cleavage rate from DNA shape for unmethylated sequences, we used it to analyze the functional consequences of the DNA shape changes caused by cytosine methylation. Specifically, we predicted the value of DNase I cleavage ΔΔG for the methylated and unmethylated versions of each NNNCGN hexamer from its shape parameters alone (as predicted by the MC method), using the coefficients from a model trained on unmethylated shape and cleavage data for the remaining 255 hexamers. The results are shown as red points in Fig. 3D , and are characterized by a striking shift in ΔΔG upon methylation, which is largely independent of the identity of the hexamer. Here again, including the roll angles as predictors in the model is crucial for capturing the full effect of methylation (compare with black and blue points in Fig. 3D) . A plausible explanation is that roll angles between adjacent base pairs are more directly related to changes in the chemical structure of the nucleobases than is the MGW. We note that an additive change in ΔΔG upon CpG methylation is consistent with the multiplicative change for the relative cleavage rate itself seen in Fig. 3A . The average shift in binding free energy predicted by the full model (ΔΔG/RT = 3.3) is equivalent to a ∼25-fold increase in cleavage rate. This is of the same order of magnitude but smaller than the eightfold seen in Fig. 3A . The latter, however, should be taken as a lower bound, as our classification of CpG dinucleotides in the genome in terms of their methylation status was necessarily imperfect given the ∼15× coverage level of the bisulfite sequencing data used.
Predicting Genomic DNA Methylation Status from in Vivo DNase I Profiles. The striking enhancement of DNase I cleavage adjacent to methylated CpG dinucleotides motivated us to ask whether DNA methylation status could be inferred directly from in vivo DNase I profiles. To this end, we mapped 200 million in vivo DNase I cleavages from IMR90 fibroblasts (SI Methods; GEO accession GSM723024). We inferred regional CpG methylation within 2.5 kb genomic windows attaining a threshold read depth of >400 CpG-adjacent cleavages (corresponding to a sample error of at most 5%). For each window, we computed the expected number of CpG-adjacent cuts, as a function of the DNA sequence, the total number of cuts, and our hexamer-based, methylationblind model of DNase I specificity. The observed-expected ratio for each window then served as a predictor of its methylation status. Fig. 4 shows results of these computations for 455 nonoverlapping windows, together accounting for 1.13 Mbp of genomic DNA. A given window was predicted to be hypermethylated whenever the number of CpG-adjacent cleavages was at least 120% of the expected value (SI Methods), and hypomethylated when that number was below 50% of expected. To validate our predictions, we inspected the actual methylation level in the IMR90 cells (36). We found that this level was below the median in 80% of the windows predicted to be hypomethylated and above the median in 84% of those predicted to be hypermethylated. These results demonstrate that regional DNA methylation status can indeed be inferred from the in vivo DNase I profile with reasonable accuracy as long as the local coverage is dense enough.
Conclusion
In this work, we have discovered the existence of a strong DNAshape-driven sequence dependence of DNase I cleavage, which can be leveraged to map DNA shape at single-nucleotide resolution on a genomic scale. DNase I emerges from our study as a highly sensitive probe of the geometry of the minor groove. The latter serves as an important recognition site within the DNA-binding interface of many regulatory proteins. It has been previously noted that DNA binding proteins such as DNase I may be regarded as structural probes of DNA conformation and flexibility (33) . Moreover, although the interaction between DNA and its binding proteins is known to result in conformational changes in both molecules (31, 39, 40) , the present work shows that intrinsic DNA shape is an important recognition signal. The depth of the HT data used in this study has allowed us to study this phenomenon at an unprecedented level of resolution and quantification. The intrinsic DNase I cleavage rate changes greatly with each single-nucleotide shift in position along the genome, and it selfaverages over genomic windows as small as a few dozen nucleotides. Taking into account our hexamer model, therefore, does not significantly affect the detection sensitivity of regional DNase I hypersensitivity, nor does the intrinsic sequencedependent variation in cleavage rate seem to result in falsepositive DNase I footprints (41) . However, the unprecedented accuracy of our model for intrinsic DNase I cleavage specificity has the potential to enhance the interpretation of high-resolution DNase I cleavage patterns (11, 42) .
Additionally, we show that DNase I is so exquisitely sensitive to the changes in DNA shape caused by CpG methylation that in vivo DNA methylation patterns can be inferred directly from high-density in vivo DNase I cleavage profiles. Our demonstration that it is possible to harness the methylation sensitivity of DNase I to infer cell-type-specific DNA methylation status provides a unique and complementary tool for analysis of domain-level methylation patterns in conjunction with chromatin state changes during development (43) or disease (44) .
Finally, and perhaps most importantly, our in-depth study of DNase I allowed us to uncover a structural mechanism that plausibly answers the long-standing question of how cytosine methylation modulates protein-DNA interaction. Our data strongly suggest that DNA methylation generally acts to narrow the minor groove. DNase I activity is sensitive to this change in DNA conformation, and this explains our observation of greatly The effect of methylation on DNase I cleavage can be predicted in silico by training a model to predict the cleavage rates of unmethylated DNA sequences of type NNNCGN using information on DNA MGW and roll angle along these same unmethylated sequences. An increase in cleavage rate (i.e., data points shifting downward) is predicted when MGWs and roll angles for the methylated versions of the sequences are supplied as input to the model. Fig. 4 . Genomic methylation status can be predicted from dense in vivo DNase I footprints. Starting from in vivo DNase I footprinting data for the IMR90 cell line, a set of nonoverlapping windows (2,500 bp long) containing at least 400 cleavage events with hexamer context NNNpCGN was identified. Next, for each window, the observed number of cleavages upstream of CpG dinucleotides was compared with the expected number. This allowed us to infer the methylation status of the corresponding DNA. To validate our predictions, we ranked all windows by their actual degree of methylation as measured by Lister et al. (36) . Shown is the distribution of ranks for the subset of windows predicted to be hypomethylated (red) and hypermethylated (blue), respectively.
enhanced cleavage adjacent to methylated CpG base pair steps. However, we believe that our insight could apply much more widely across many families of nucleotide-binding proteins. Narrowing of the MGW may thus be the general mechanism by which the addition or removal of methyl groups in the major groove influences gene expression. An intriguing possibility is that nucleosome positioning might be influenced by methylation (45, 46) . Recently, an observed correlation between these two variables was interpreted as influence of nucleosome positioning on methylation patterning (45) . However, electrostatic interactions between arginines and the minor groove occur in the nucleosome (22, 47) , and the minor groove narrowing associated with cytosine methylation could enhance these. The methylation patterns might therefore also be a partial determinant of nucleosome position, with methylated CpG dinucleotides giving rise to stronger electrostatic interactions with histones, increasing the stability of nucleosomes.
Methods
Please see SI Methods for additional details on cell culture and DNA extraction; DNase I treatment of purified DNA; and digital DNase I mapping in IMR90 cells. There is also information on library construction and sequencing; singlenucleotide model; hexamer model, outlier removal, dependency between mutated and modulating positions, statistical significance of nucleotide dependencies, high-throughput (HT) prediction of minor groove width (MGW), Monte Carlo (MC) prediction of DNA structures for unmetylated and methylated DNA, dependence of DNase I cleavage rate on DNA methylation status, and inferring methylation status from in vivo DNase I footprints.
